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Summary
Understanding the impact of climate-induced distribu-
tional shifts on species divergence, like those accom-
panying the Pleistocene glacial cycles [1, 2], requires
tools that explicitly incorporate the geographic config-
uration of past distributions into analyses of genetic
differentiation. Depending on the historical distribu-
tion of species, genetic differences may accumulate
among ancestral source populations, but there is
long-standing debate whether displacements into gla-
cial refugia promoted divergence. Here we integrate
coalescent-based genetic models [3, 4] with ecologi-
cal-niche modeling [5, 6] to generate expectations for
patterns of genetic variation based on an inferred
past distribution of a species. Reconstruction of the
distribution of a montane grasshopper species during
the last glacial maximum suggests that Melanoplus
marshalli populations from the sky islands of Colo-
rado and Utah were likely colonized from multiple
ancestral source populations. The genetic analyses
provide compelling evidence that the historical distri-
bution of M. marshalli—namely, spatial separation of
multiple refugia—was conducive to genetic differenti-
ation. The coupling of genetic and ecological-niche
modeling provides a new and flexible tool for integrat-
ing paleoenvironmental details into species-specific
predictions of population structure that can increase
our understanding of why the glacial cycles promoted
speciation in some taxa and yet inhibited diversifica-
tion in others [7, 8].
Results
Projections of Species Distribution
during Glacial Maximum
Environmental variables that capture biologically mean-
ingful aspects of climate variation were used to recon-
struct the past distribution of Melanoplus marshalli
during the last glacial maximum (21,000 years ago)
based on the species’ current distribution across the
sky islands (i.e., mountain tops) of Colorado and Utah.
The model uses 19 bioclimatic parameters (which follow
those of ANUCLIM; Australian National University: http://
cres.anu.edu.au/outputs/anuclim.php) that include an-
nual trends for temperature and precipitation, aspects
*Correspondence: knowlesl@umich.eduof seasonality, and extreme or potentially limiting en-
vironmental factors. These parameters were derived
from both current climate measurements and climate
estimates for the last glacial maximum [9] at a spatial
resolution of 1 arc-minute. The ecological-niche model
generated with the program MAXENT [10] provides a pro-
jected distribution that shows M. marshalli is restricted
to montane habitats with inhospitable intervening habi-
tats limiting contemporary migration in this flightless
grasshopper, and the species was displaced from their
montane meadows during glacial periods (Figure 1).
Furthermore, reconstruction of the past distribution in-
dicates that the intervening region between sky island
populations from Colorado and Utah did not contain
suitable habitat during the most recent glacial maxi-
mum. Instead, projections of the past distribution shows
that geographic regions proximate to the contemporary
sky island populations may have served as refugia, sug-
gesting that populations were likely recolonized from
more than a single ancestral source population as the
glaciers retreated (Figure 1). To explore the accuracy
of the projected distributions, we performed an ad-
ditional analysis based on geo-referenced museum
collections (i.e., localities not included in the original
model); similarity in AUC values (see Experimental
Procedures for details) suggest a good fit between the
models and the data.
Spatial Arrangement of Genetic Variation
A single maximum-likelihood genealogy was estimated
with PAUP* [11] for the mitochondrial and nuclear locus
sequenced in 95 individuals sampled from 10 M. mar-
shalli populations from Utah and Colorado (Figure 2).
The gene trees suggest that the sorting of ancestral
polymorphism is not complete—none of the populations
are monophyletic for both loci. Haplotypes from the
eastern (Colorado) and western (Utah) populations
also do not form reciprocally monophyletic clades, and
enforcing monophyly on the gene tree topologies signif-
icantly decreases the fit of data (p < 0.01; a shift in tree-
length from 107 to 153, and from 338 to 447 for SCNPS-2
and COI, respectively).
Comparison of the pair-wise estimates of migration
among populations shows that levels of gene flow
were similar irrespective of the geographic distance
separating populations (Figure 3). Interpretations based
solely on the individual migration values from the pro-
gram MIGRATE-N [12] are potentially problematic because
of violations of methodological assumptions (see [13]),
which is a general problem with other coalescent-based
approaches as well (e.g., a series of analyses among
each possible pair of populations with a program like
IM [14] does not take into account that the source of
migrants, and/or ancestral variation may come from
populations not considered in each independent ana-
lysis). Nevertheless, the geographic distribution of mi-
gration estimates is informative. For example, migration
estimates for geographically proximate populations
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941Figure 1. The Coupling of the Ecological-
Niche Modeling and Genetic Models
(A) The predicted contemporary distribution
of M. marshalli and the reconstructed past
distribution during the last glacial maximum
(21,000 years ago). The projections are based
on an integration of contemporary [9] and pa-
leoenvironmental information [37] with the
program MAXENT [10]. The darkest shading in
the color-scale keys indicate the highest pre-
dicted areas for the contemporary ecological
niche model (top right) and the predicted past
habitat (bottom left); sampled populations
are indicated by white circles.
(B) The genetic models representing the geo-
graphic configurations of ancestral popula-
tions that were used to explore whether the
spatial distribution of genetic variation across
sky-island populations reflect colonization
from a single- versus dual-refugial popula-
tions (i.e., the null and alternative hypotheses,
respectively).separated by 50–200 km (i.e., among populations within
either the eastern or western regions) were not larger
than the migration rate estimates for geographically dis-
tant populations separated by as much as 500 km (i.e.,
between populations from the separate regions). This
pattern suggests that genetic drift, rather than gene
flow, is the predominant factor underlying the spatial
distribution of genetic variation and the observed pat-
terns of incomplete lineage sorting (Figure 2). These
analyses also indicate that the genetic model (described
below) used to generate expected patterns of genetic
variation is justified.
A Genetic Model of the Geography
of Population Divergence
Visual inspection of the empirical gene trees (Figure 2)
shows how the retention of ancestral polymorphism
obscures any obvious correspondence between the
spatial distribution of populations and their genetic re-
latedness. Yet, the pattern of incomplete lineage sorting
itself contains information about the demographic past,
which can be extracted by placing the observed genetic
data in a statistical phylogeographic framework. Two
genetic models were used to explore how the geo-
graphic configuration of ancestral populations affects
the distribution of genetic variation across contempo-
rary populations ofM.marshalli (Figure 1B). Specifically,
we (1) simulated genetic data under the null hypothe-
sis—colonization from a single refugium—and then (2)
compared the probability of the observed data (the
empirical data) to the probability of the simulated data
under the alternative hypothesis—multiple ancestralsource populations [15]. This coalescent framework for
hypothesis testing (i.e., rejecting the null hypothesis)
takes into account the stochastic effects of genetic drift
[4] on patterns of genetic variation, and by simulating
nucleotide data under a model of evolution [16] that
matches those estimated for the empirical data, the
effects of mutational variance are considered as well.
The geographic test of population divergence pro-
vides an important complement to inferring how climat-
ically induced distributional shifts contribute to popula-
tion differentiation based on divergence-time estimates
(e.g., distinguishing between glacial versus interglacial
differentiation). Inferences based on divergence-time
estimates are sensitive to assumptions about the mo-
lecular clock. Moreover, the rapidity of distributional
shifts exceeds the genetic resolution required for de-
tailed inferences based on divergence-time estimates
[17, 18]. For example, estimates of the timing of popula-
tion divergence among sky-island populations are con-
sistent with their founding from glacial refugia. However,
the error surrounding the timing of divergence extends
across glacial and interglacials—the 90% highest poste-
rior density interval on estimates of regional divergence
between eastern and western populations ranges from
6.89 3 103 to 1.29 3 105 years ago (with the program
IM). Because the data includes five anonymous nuclear
loci with unknown mutation rates, the geometric mean
of the ratios qi: qi COI for each of the five nuclear loci
was used to calculate the mutation rate of 1.66 3 1025
[18] for scaling parameter estimates [14], based on
a rate of 2.3% sequence divergence per million years
for COI [19]. Despite the increased resolution afforded
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942Figure 2. Geographic Distribution of Genetic Variation across the M. marshalli Sky-Island Populations from Colorado and Utah
Haplotypes are colored according to the populations from which they were sampled. Genealogies for the mitochondrial and nuclear locus (COI
and SCNPS-2, respectively) were estimated by maximum likelihood in PAUP* [11] via a heuristic search with 10 random addition sequence
replicates and models of sequence evolution selected with DT-MODSEL [16].by the coalescent-based approach and analysis of mul-
tiple loci [14, 20, 21], which was based on considering
six loci (Table S2 in the Supplemental Data available
online), the contribution of historical population configu-
rations to divergence cannot be identified based on
estimates of the timing of divergence.
Hypothesis Testing within the Statistical
Phylogeographic Framework
The single-refugium historical scenario posits that
M. marshalli populations were founded from a single
ancestral population as the Wisconsonian glaciers re-
treated. This null hypothesis was modeled where each
of the contemporary sky-island populations correspond
to a population in the population tree that was founded
21,000 years ago from a single ancestral source popula-
tion (Figure 1B). Alternatively, if the eastern and western
M. marshalli populations were founded from separate
glacial refugia, the contemporary populations would
have been colonized from allopatric ancestral-source
populations that existed during the Wisconsonian glaci-
ation, approximately for the past 114,000 years based
on the geologic dates [22]. This alternative hypothesis
was modeled with groups of sky-island populationssharing a common history if they were founded from
the same ancestral refugial-source population as the
glaciers retreated (Figure 1B). Parameterization of the
model, namely the timing of recolonization and the pe-
riod that ancestral source populations remained iso-
lated, was based on geologic dates for the most recent
and preceding interglacials [22, 23] and corresponds to
the paleoenvironmental data [9] used in the ecological-
niche models to project the past distribution of M. mar-
shalli. The robustness of the conclusions was explored
by varying the models parameters; specifically, a range
of effective population sizes was explored. The same
effect could have been achieved by exploring a range
of divergence times (i.e., the number of deep coales-
cents depends on the population size relative to the
divergence time; see e.g., [24]). However, because the
times used in the genetic model are based on the inde-
pendent data from the ecological-niche models, in this
case it is preferable to vary the effective population-
size parameters.
The theoretical expectation for the amount of discord
(i.e., deep coalescents) that would be observed between
the dual-refugial model and each locus (i.e., for COI and
SCNPS-2 based on the coalescent simulations, as
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943explained above) when the data had instead evolved
under a history involving a single ancestral source pop-
ulation is quite high (Figure 4). While both loci show
some deep coalescence (i.e., 47 and 109 deep coales-
cents for COI and SCNPS-2, respectively; Figure 4),
the amount of discord between the empirical data and
the dual-refugial model is significantly lower than ex-
pected if the populations had actually been colonized
from a single ancestral source population. Additional
simulations indicate that this conclusion is robust to
the inherent variance associated with parameterization
of the genetic model. The results were consistent across
repeated analyses with different effective population
sizes (Ne) that encompass the 90% posterior density in-
terval on the estimate (an Ne as low as 60,000 or as high
as 166,000 individuals) that was derived from a Bayesian
analysis of six loci with the program IM [14]; parameter
estimates were scaled via the mutation rate of derived
from the geometric mean of the ratios qi: qi COI for each
nuclear locus as discussed earlier, namely 1.66 3 1025
[18]. To assure that the population genetic parameters
were not influenced by an inappropriate choice for the
priors in the IM analysis, the posterior probability distri-
bution of each parameter was investigated over a range
of priors to assure that the parameter space was ex-
plored fully and effectively. The parameter space was
searched by a linear heating scheme and ten metropo-
lis-coupled Markov chains of at least 10 million genera-
tions each; the analysis was repeated twice with differ-
ent random number seeds to confirm convergence.
It is possible that more than two ancestral-source
populations (Figure 1) might be involved (see Discus-
sion). However, this scenario would not affect the key
Figure 3. Pair-Wise Comparison of Gene-Flow Estimates and the
Geographic Distance Separating M. marshalli Populations
Comparisons of populations within the eastern (Colorado) and west-
ern (Utah) regions are indicated by the open symbols, whereas com-
parisons of populations from the separate regions are marked with
a closed triangle. There is a break in the y axis in order to accommo-
date the very low gene-flow estimates, rather than use a log-scale.
Estimates of the number of gene copies per generation moving
between populations, M, were made with locus-specific transition-
transversion rates and base frequencies for COI and SNCPS2-2
(Table S1 for details) and a search strategy that included adaptive
heating strategy with 10 short chains (length 5.0 3 105 generations)
and 5 long chains (length 5.0 3 107 generations) in MIGRATE-N [12].
The analysis was repeated to verify parameter estimates. The pair-
wise population estimates were consistent with migration estimates
between the eastern and western regions (ME-W = 5.5 3 10
26; MW-E =
1.1 3 1025; based on IM analyses).question of whether past distributions during the last
glacial period contributed to divergence, because this
relies on the test of multiple versus single ancestral
source populations, not on the determination of how
many allopatric glacial refugia there might have been.
For the past distribution to be conducive to divergence,
species would have to have been displaced into multi-
ple refugia where genetic difference could accumulate
among separate ancestral source populations. Other-
wise, the effects of the glacial cycles on species diver-
gence would be limited to the drift-induced changes
during interglacials when contemporary populations
were recolonized from a single refugium [25, 26]. There-
fore, while not ideal, the genetic models (Figure 1B) are
sufficient for determining whether divergence during
glacial periods played a role in promoting divergence.
Discussion
The climatic fluctuations of the Pleistocene induced
wide-scale habitat shifts [27] that are hypothesized to
Figure 4. Results of Genetic Analyses
The amount of lineage sorting (number of deep coalescents) ob-
served between the dual-refuge model and COI and SCNPS-2
(marked with the arrow) is compared to the amount of discord (num-
ber of deep coalescents) expected between the dual-refugial model
and a gene tree if the data had instead evolved under a history in-
volving a single ancestral source. Distributions based on the esti-
mate of Ne (the barred histogram), as well as the upper and lower
90% highest posterior density interval (the dashed and solid lines,
respectively) surrounding the estimate from the Bayesian coales-
cent-based program IM [14] were generated from simulated data
with the program MESQUITE 1.0 [42]. The simulations were conducted
under conditions that mirrored those of the observed empirical data,
specifically: (1) nucleotides matching the length of sequence and
model of evolution estimated for COI and SCNPS-2 (see Table S1
for details) were simulated along the branches of gene trees simu-
lated by a neural coalescent under the model of a single ancestral
source, (2) the timing of population divergence used in the model
was parameterized based on the geologic dates for the most recent
and preceding interglacials, (3) estimates of Ne matched the em-
pirical data and encompassed the 90% highest posterior density
interval surrounding the estimate, and (4) the number of deep coa-
lescents between each of the 500 simulated gene trees and the dual-
refuge model were calculated. The Ne of individual sky-island popu-
lations was modeled as being equivalent because the confidence
intervals on the per-population estimates broadly overlapped.
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Neotropical birds to montane insects (e.g., [1, 2]). How-
ever, a complexity of species-specific responses to
paleoenvironmental conditions are now apparent from
numerous palynological studies (e.g., [27]), and method-
ological limitations of genetic analyses posed by the
recency and frequency of the glacial cycles [17, 18]
has exacerbated disputes over the role of shifting
species distributions in speciation [7, 8].
The coupling of genetic and ecological-niche models
offers an opportunity for species-specific, quantitative
evaluation of how rapid climatic fluctuations affected
divergence. Because ecological-niche models can be
projected onto models of past climate, the distribution
of suitable habitat can be reconstructed for individual
species (e.g., [28]). This provides a framework for gener-
ating hypotheses about how the historical configuration
of species distributions may have contributed to spe-
cies divergence and ultimately biodiversity [29]. Cou-
pling these hypotheses with genetic models permits a
statistical evaluation that are (1) based on biologically in-
formed models, as opposed to relying on the generic
models of computer programs that may not adequately
capture the biological phenomena of interest [30, 31],
and (2) consider the inherent stochasticity associated
with the spatial distribution of genetic variation [3, 4].
The approach used here offers a window into how the
glacial cycles promoted divergence in M. marshalli—
a member of a clade of flightless montane grasshoppers
that radiated during the Pleistocene [18, 25, 32]. The
projections from the ecological-niche model (Figure 1)
show how M. marshalli likely tracked the habitat shifts
in montane regions [25, 32, 33], and the genetic models
indicate that patterns of genetic variation are consistent
with the predictions that contemporary sky-island pop-
ulations were founded from multiple ancestral source
populations (Figure 4). This mode of divergence may
be key to understanding how some groups were able
to speciate during the dynamic Pleistocene. Displace-
ment into multiple glacial refugia provides a geographic
setting conducive to divergence, and because intergla-
cials are of relatively short duration compared to glacial
periods [22], this is also the distribution that has predo-
minated species histories during the past two million
years [33]. With broader application, the coupled
models should be useful in identifying paleoecological
features influencing past distributions, and conse-
quently, why the glacial cycle effects on species diver-
sification differed among taxa [7, 8].
Future Applications and Methodological
Development
This study not only identifies the potential of this integra-
tive approach, but it also illustrates areas for future
development. The coupling of genetic and ecological-
niche models integrates detailed paleoenvironmental
data with genetic predictions [34]. Yet, additional data
are needed to improve the models’ resolution. For ex-
ample, to move beyond the coarse-grained analysis ap-
plied here (i.e., single versus multiple ancestral source
populations), data from landscape features (e.g., [35,
36]) might be used in conjunction with the projected
species distribution 21,000 years ago to reconstruct
likely routes of displacement and recolonization.Establishing the connections between ancestral and
contemporary populations, as well as how the size of
ancestral and contemporary populations may have dif-
fered, will increase biological insights by providing
more realistic models. Such improvements will no doubt
be critical for understanding the spatial and temporal
scales of processes contributing to species divergence,
such as whether historical or current habitat configura-
tions better explain biodiversity patterns [29].
Experimental Procedures
Projections of Species’ Distributions Based
on the Ecological-Niche Models
Mean monthly climate estimates at a spatial resolution of 10 arc-
minutes were generated for the last glacial maximum of the Pleisto-
cene (LGM) under the Community Climate System Model (CCSM3,
[9]) and statistically downscaled [37] by R.J. Hijmans with data pro-
vided by the Paleoclimate Modelling Intercomparison Project Phase
II (PMIP2). The bioclimatic parameters used in the ecological-niche
model of current conditions (1950–2000) were derived from the
WorldClim global climate database [37].
Climate models were generated via the maximum entropy ma-
chine learning algorithm in MAXENT [10]. A distribution model was
generated with the 19 bioclimatic parameters for the current climate
and the collection localities. This model was then applied to the set
of bioclimatic variables generated from CCSM3 to estimate the geo-
graphic distribution and extent of suitable climate for each species
during the last glacial maximum. Model performance was evaluated
with geo-referenced museum-collection localities as a source to
ground-truth the model. The similarity in the AUC (area under the
curve) value of 0.996 for the model based on locality data for the
10 populations sampled for this study, and a model based on 18
georeferenced localities from museum collections (AUC = 0.998)
suggest a good fit between the model and data.
Genetic Sampling
A balance between sampling individuals versus loci was used for
this investigation, while maintaining full coverage of the range of
the species (Tables S2 and S3). Two separate sample schemes
were used that differed with respect to the number of individuals
versus loci studied, which accommodates the shift in information
content when making specific historical inferences [38, 39]. To
investigate the geography of divergence, the emphasis was on
collecting sequence data from multiple individuals because the
sampling of populations is critical. To estimate the timing of diver-
gence, sequencing efforts were focused on increasing the number
of loci (see [20]), because the correlation that is due to coancestry
reduces the information contained in samples from multiple individ-
uals [3, 38].
The anonymous nuclear locus designated SCNPS-2 and COI were
sequenced in each specimen, for a total of 2220 bp per individual, to
test hypotheses regarding the geography of divergence, namely
whether the contemporary sky islands were founded from a single
glacial refugium. SCNPS from four additional loci [40] were gathered
in a subset of the individuals (n = 5 individuals in each of four popu-
lations), for a total of 5667 bp per individual, to estimate the timing of
divergence between putative refugial populations. The single-copy
nuclear polymorphic sequences (SCNPS) were gathered from anon-
ymous loci identified from a genomic library (see [40] for details) and
the mitochondrial gene cytochrome oxidase I (COI) (see [32] for de-
tails). SCNPS were initially identified from an interspecific screening
set, not levels of variability within M. marshalli; this approach avoids
an ascertainment bias associated with using an intraspecific screen-
ing set (i.e., the lower bound for allele frequencies would depend on
the number of individuals used to detect variable loci [41]). A plot of
the distribution of pair-wise differences among individuals within the
species was not truncated, demonstrating that the interspecific
screening set did not introduce an ascertainment bias. Tests also
confirmed the lack of recombination in each locus [40], which is an
assumption of the coalescent analyses [12, 14]. All loci were
Coupling Genetic and Ecological-Niche Modeling
945sequenced with an ABI 3730 Automated Sequencer at the University
of Michigan DNA Sequencing Core.
Supplemental Data
Three tables are available at http://www.current-biology.com/cgi/
content/full/17/11/940/DC1/.
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